Objective: To determine the effect of intrauterine inflammation on fetal responses to umbilical cord occlusion (UCO). Study Design: In pregnant sheep, lipopolysaccharide (LPS) or saline (SAL) was infused intra-amniotically for 4 weeks from 80 days of gestation (d). At 110 d, fetuses were instrumented for UCOs (5 Â 2-minutes, 30-minute intervals: LPS þ UCO, n ¼ 6; SAL þ UCO, n ¼ 8) or no UCO (sham, n ¼ 6) on 117 and 118 d. Tissues were collected at 126 d. Results: Fetal physiological responses to UCO were similar between LPS þ UCO and SAL þ UCO. Histologic chorioamnionitis and increased amniotic fluid interleukin 8 (IL-8) were observed in LPS þ UCO pregnancies (versus SAL þ UCO, P < .05).
Introduction
Preterm birth and its postnatal comorbidities (including cerebral palsy and bronchopulmonary dysplasia) are associated with the presence of inflammation and/or infection within the pregnant uterus. 1, 2 This intrauterine infection/inflammation can manifest either as overt clinical chorioamnionitis or fetal inflammatory response syndrome (FIRS), 3 both of which can be life-threatening to the fetus or as histologic chorioamnionitis that may be clinically silent.
We have described previously the effects on the fetal brain of infusion of lipopolysaccharide (LPS) into the amniotic fluid of pregnant sheep from 80 to 108 days of gestation (d; term is *150 days). 4 In those experiments, the fetus appeared to be uncompromised by inflammation resulting from amniotic fluid LPS administration. [5] [6] [7] Mild brain inflammation occurred, 4 but there were no white matter lesions or other profound neuropathologies that have been reported for other animal models of intrauterine inflammation. [8] [9] [10] Fetal physiologic compromise, manifest as hypoxemia, acidemia, hypotension, or even death is commonly observed in animal experiments in which overt brain injury is associated with intrauterine inflammation. [8] [9] [10] These features of fetal compromise may, by themselves, be capable of causing fetal brain injury. 11, 12 However, we have also shown that repeated fetal intravenous LPS infusions, in doses that do not cause hypoxemia, cause brain damage; but the injury is milder than when there is coincident inflammation-induced fetal hypoxemia. 13 Intrauterine inflammation and fetal hypoxemia/ischemia may interact to increase the risk of brain injury. In human pregnancies, the risk of cerebral palsy is greatly increased by a combination of intrauterine infection/inflammation and perinatal asphyxia, relative to the presence of either in isolation. 14 A similar synergistic interaction between inflammation and hypoxia/asphyxia has been observed in neonatal rats [15] [16] [17] and mice. 18 In light of these experimental observations and the human clinical experience, we hypothesized that preexisting chronic intrauterine inflammation, which we have previously shown capable of causing mild brain injury in fetal sheep, 4 would exacerbate the potentially damaging effect on the fetal brain of hypoxemia/ischemia induced by intermittent umbilical cord occlusion (UCO). 19 We reasoned that inflammation could exacerbate brain injury induced by hypoxia/ischemia by either a direct effect on neurodevelopment or indirectly by impairing the fetal physiological response to the hypoxic/ ischemic insult. 20 Thus, our aim was to determine the effects of pre-existing intrauterine inflammation on fetal physiologic (blood gas, arterial pressure, hypothalamic-pituitary-adrenal axis activation) and neuroanatomical (inflammation, myelination, apoptosis) responses to intermittent UCO.
Materials and Methods
The Animal Experimentation Ethics Committee at The University of Western Australia approved all experimental procedures.
At 80 days of pregnancy, ewes bearing single fetuses underwent aseptic surgery for the implantation of osmotic pumps (2ML4; Alzet Osmotic Pumps, Cupertino CA, USA) containing either Escherichia coli LPS (055:B5, Sigma Chemical, St. Louis MO, USA; 18 mg/mL; n ¼ 6) or saline (SAL, n ¼ 14). 4, 6 After induction of anesthesia with intramuscular ketamine (20 mg/kg: Parnell Laboratories, Australia) and xylazine (0.2 mg/kg; Troy Laboratories, Australia), ewes were intubated and ventilated; anesthesia was maintained with 1.5% to 2% halothane in O 2 . After maternal laparotomy, 1 fetal forelimb was delivered through a uterine incision and an osmotic pump was attached using a silk ligature. The 2 mL osmotic pumps had an infusion rate of 2.5 mL/h, resulting in the intra-amniotic delivery of 1.1 mg LPS/day (or SAL) for 28 days. Antibiotics (Benacillin-150 mg procaine penicillin, 150 mg benzathine penicillin, and 20 mg procaine HCl; Troy Laboratories, Australia) were administered intramuscularly to the fetus and the forelimb was returned to the uterus. After closure of the uterine incision the ewe's abdomen was sutured closed in 2 layers. Ewes recovered from surgery in individual pens, with free access to food and water.
On day 110 of pregnancy, ewes and fetuses underwent a second surgical procedure using the same anesthesia as described above. After maternal laparotomy, 1 fetal hindlimb was delivered through a uterine incision and polyvinyl catheters containing heparinized SAL were inserted into the descending aorta and inferior vena cava via femoral vessels. Another catheter was attached to the fetus for subsequent recording of intraamniotic pressure. In all fetuses, an inflatable umbilical cord occluder (16 mm; In Vivo Metric, Healdsburg CA, USA) was placed around the proximal end of the umbilical cord and secured to the skin. The volume of SAL required to completely inflate the occluder was determined at the time of surgery. The osmotic pumps that were implanted at 80 days of pregnancy were not removed. The fetus received antibiotics (as above) and was returned to the uterus. After closure of the uterine incision, catheters were exteriorized through a small incision in the ewe's flank and the ewe's abdomen was closed in 2 layers. Polyvinyl catheters were inserted into the ewe's descending aorta and inferior vena cava via femoral vessels. The maternal catheters were tracked subcutaneously and were exteriorized through the same incision as the fetal catheters; this incision was then closed. Fetal arterial blood samples were collected daily after surgery to monitor well-being.
On day 116 of gestation, a fetal arterial blood sample was collected for the measurement of baseline blood gases and lactate (Rapidlab 865, Bayer Diagnostics, East Walpole MA, USA).
Umbilical Cord Occlusions
On day 117 of gestation, a second baseline blood sample was collected (for physiologic measurements, as at 116 days) and the fetal arterial catheter was attached to a pressure transducer to allow continuous recording of arterial pressure (Powerlab, ADInstruments, Australia). Fetuses were then subjected to either a series of 5 UCOs, each lasting for 2 minutes at 30 minute intervals, during which the umbilical cord occluder was completely inflated with SAL (LPS þ UCO, n ¼ 6; or SAL þ UCO, n ¼ 8) or 'sham occlusions,' during which the umbilical cord occluder was not inflated in a group of SAL-infused sheep (sham, n ¼ 6). During these periods, fetal arterial blood was sampled 3 times: immediately prior; during (1.5 minutes after commencement of occlusion); and immediately after each 2-minute occlusion, for measurement of blood gases, pH, and lactate (Rapidlab 865, Bayer Diagnostics). Fetal arterial plasma was collected from samples taken immediately before and after the first and last occlusions, for measurement of cortisol and adrenocorticotrophic hormone (ACTH). 7, 21 The occlusion protocol was chosen (based on our experience) 19 to induce submaximal brain injury, so that the hypothesized exacerbation of damage in the LPS group would be detectable.
At 118 days of gestation, 24 hours after the first series of UCOs, blood sampling, arterial pressure recording, and UCO (or sham) were repeated, identically to the day before. Thereafter, fetal arterial blood samples were collected daily for 7 days.
Deliveries, Tissue Collection, and Processing
At 126 days of gestation ewes and fetuses were humanely killed (sodium pentobarbitone, 130 mg/kg; Jurox, Australia), and the fetus was delivered. Fetal sex, body weight, crownrump length, and thoracic girth were recorded. A sample of chorioamnion, from adjacent to the umbilical cord, was placed into 4% paraformaldehyde (PFA) in 0.1 mol/L phosphate buffer (PB, pH 7.4) overnight at 4 C and was subsequently paraffin-embedded for light microscopic assessment. The fetal brain was perfused (40-50 mm Hg pressure), via the ascending aorta, with heparinized physiological SAL (50 IU/mL) followed by 4% PFA in 0.1 mol/L PB (pH 7.4). The fetal brain was weighed and placed in fresh 4% PFA overnight at 4 C. Weights of the placenta, fetal liver, spleen, and thymus were recorded.
Four tissue blocks (5 mm thick) were collected from both cerebral hemispheres and embedded in paraffin; 2 from the frontal lobe, between the level of the coronal and ansate sulci (cerebral hemisphere regions 1-2) and 2 from the parietal and temporal lobes, between the level of the Sylvian sulcus and optic chiasm (cerebral hemisphere regions 3-4). 4 Serial sections of paraffin-embedded cerebral hemispheres (regions 1-4, 6 mm, transverse) were cut, mounted (SuperFrost Plus slides, Menzel-Glaser, Germany), and dried at 37 C overnight. Two slides, 60 mm apart, from each tissue block were used for each of the staining procedures, which were performed on serial sections, enabling us to compare consecutive regions of white matter.
Immunohistochemistry
Rabbit anti-cow glial fibrillary acidic protein (GFAP) antibody (1:1000, DAKO Corporation, Carpinteria CA, USA) was used to stain astrocytes; mouse anti-CNPase (2 0 ,3 0 -cyclic nucleotide 3 0 -phosphodiesterase) monoclonal antibody (1:500, Chemicon International) was used to stain myelinating oligodendrocytes and myelinated fibers; rabbit anti-Active Caspase 3 (AC-3) polyclonal antibody (1:100, Chemicon International, Temecula CA, USA) was used to stain cells undergoing apoptosis. Antigen retrieval was performed using: (1) Proteinase K (DAKO Corporation) for 5 minutes at room temperature, for sections to be stained with GFAP or (2) 0.1 mol/L citrate buffer (pH 8.5) at 80 C for 30 minutes for sections to be stained with CNPase or AC-3. Sections were then placed in 10% normal goat serum (NGS) in 0.1 mol/L PB for 30 minutes, washed (3 Â 5-min) in 0.1 mol/L PB (pH 7.4) and the primary antisera prepared using 0.1 mol/L PB/2% NGS/0.3% Triton X-100 as diluent. Appropriate primary antisera were placed on the sections, which were incubated at 4 C overnight. Sections were then incubated for 60 minutes with biotinylated secondary antibodies diluted 1:100 in 0.1 mol/L PB/2% NGS: anti-rabbit IgG for GFAP, anti-mouse IgG for CNPase and AC-3. The reaction product was detected with the avidin-biotin peroxidase complex (Vector Laboratories, Burlingame CA, USA). For each primary antibody, tissues were stained simultaneously to reduce variability. Omission of the primary antibody resulted in no immunoreactive staining.
Lectin Histochemistry
Sections were incubated with biotinylated Lycopersicon Esculentum (tomato) lectin (1:500, Vector Laboratories) to stainactivated microglia and/or infiltrating peripheral macrophages as described previously. 4 All sections were stained simultaneously to reduce variability. Omission of the biotinylated tomato lectin resulted in no staining.
All histological analyses were performed on coded slides so that the observer was blind to treatment group. Digital images for analysis were acquired using an Olympus BX51 microscope and Spot Advanced software (Diagnostic Instruments, Sterling Heights MI, USA). Images were analysed using ImagePro Plus (Media Cybernetics, Bethesda MD, USA).
Qualitative Analysis
A total of 8 sections from each fetus (paired sections from each tissue block, 60 mm apart) were stained with hematoxylin and eosin (H&E) for assessment of structure and gross examination of the cytoarchitecture. Sections were assessed for the presence of white matter lesions/cysts, perivascular cuffing, coagulative necrosis, subarachnoid and germinal layer hemorrhage, and ventriculomegaly. Sections were also examined to assess: myelination (CNPase-positive cell bodies and fibers) within the white matter at the level of the cingulate sulcus; and the extent of apoptosis (AC-3 positive cells) in the cerebral hemispheres (regions 1-4).
Quantitative Morphometric Analysis
Chorioamnion. Influx of inflammatory cells (mostly neutrophils) into the fetal membranes (ie, histologic chorioamnionitis) was graded by scoring a total of 30 random non-overlapping fields of view in three 5-mm H&E-stained sections (100 mm apart) as: 0 (no inflammatory cells); 1 (fewer than 50 inflammatory cells); 2 (50-100 inflammatory cells); or 3 (more than 100 inflammatory cells). 4 Brain. The total cross-sectional area of white matter was measured using one H&E-stained section from each of the 4 tissue blocks (cerebral hemisphere regions 1-4) and the mean for each animal was calculated. Absolute values and white matter area expressed relative to total section area were compared. The proportion of white matter occupied by blood vessels was estimated, using point counting, 12 in 4 fields of view (Â20 magnification) from each of the 4 tissue blocks; a mean value was calculated for each animal: an increase is indicative of a cerebral response to an hypoxemic insult. 12, 19 Gyral formation was assessed by calculating the surface folding index (SFI), as described previously 4 : SFI ¼ L 2 /A, where A is the area of the cerebral hemisphere dorsal to a line drawn perpendicular to the midline at the level of the upper limit of the lateral ventricles and L is the length of the surface. This index has no dimensions, is not affected by shrinkage, and gives an estimate of expansion of the surface relative to volume growth, 22 possibly reflecting cortical and subcortical connectivity. Four H&E-stained sections from each fetus (cerebral hemisphere regions 1-4) were used to calculate a mean value for each animal.
The areal density of CNPase-positive oligodendrocytes and GFAP-positive astrocytes in the cerebral white matter was determined; in 1 section from each tissue block, 5 random nonoverlapping areas were assessed (2 areas in the subcortical white matter and 3 areas in the deep white matter). An alteration in the density of CNPase-positive cells would indicate a change in the normal developmental profile of the oligodendrocyte lineage possibly as a result of oxidative or nitrosative stress. 23 The total cross-sectional area of all regions of the cerebral white matter (cerebral hemisphere regions 1-4) that were occupied by activated microglia/macrophages (lectin-positive cells) was measured and expressed as a percentage of the total white matter area in the same region. An activated microglia infiltration score (range 1-4) was assigned based on the number of lectin-positive cells within these regions: few (<20) lectinpositive cells (score 1); 20-50 lectin-positive cells (mild, score 2); 50-100 lectin-positive cells (moderate, score 3); >100 lectin-positive cells (extensive, score 4). 4 Invasion of the neuropile by activated microglia/macrophages indicates underlying neural damage.
IL-6 and IL-8 ELISA
Concentrations of the proinflammatory cytokines IL-6 and IL-8 in samples of amniotic fluid collected on the day of tissue collection were measured by enzyme-linked immunosorbent assay (ELISA) using ovine-specific antibodies (Chemicon, USA), as described previously. 24 Recombinant proteins kindly donated by the CSIRO Centre of Animal Biotechnology (Parkville, Victoria, Australia) were used as standards. Standard curves were sensitive at 0.05 to 50 ng/mL for IL-6 and 0.125 to 50 ng/mL for IL-8, with correlation coefficients of 0.98 for all assays.
White Blood Cell Counts
Blood cell counts were performed on maternal and fetal arterial blood samples collected on the day of tissue collection (126 days of gestation). Staff in the Department of Haematology, King Edward Memorial Hospital, Subiaco, Western Australia, performed the measurements using ovine-specific automated analysis. Manual differential counts were performed by a technician with experience in ovine hematology.
Statistical Analysis
Data are presented as mean + SEM unless otherwise stated. Statistical comparisons were performed using Sigmastat (Systat Software, San Jose, California). Single time-point measurements were compared by analysis of variance (ANOVA; for normally distributed data) or Kruskal-Wallis ANOVA on ranks (if data could not be transformed to achieve equal variance and/or normality). Serial measures were compared using repeated measures ANOVA with treatment group and time (gestational age for baseline measurements; or time of sampling during cord occlusions or sham) as factors. Post hoc comparisons were made using Tukey test (for normally distributed data) or Dunn method.
Results
Baseline values of fetal arterial pH (pHa), PCO 2 (PaCO 2 ), PO 2 (PaCO 2 ), and lactate concentrations, from 116 to 124 days of gestation, are shown in Figure 1 . Fetal pHa was not different between groups (P ¼ .889); values at 118 days of gestation were lower than that at 116 days (P ¼ .013). Fetal PaCO 2 was not different between groups (P ¼ .715) but was lower in all groups on the days of UCO (or sham; 117 and 118 days) than at other ages (P < .05). Fetal PaO 2 was not different between groups (P ¼ .343), and decreased with age in all groups (P < .001); arterial SO 2 was similarly affected (data not shown). Fetal arterial lactate concentrations were not different between LPS þ UCO and SAL þ UCO groups (P ¼ .167; insufficient data were obtained from the sham group for analysis of lactate).
Fetal body and organ weights at 126 days of gestation are shown in Table 1 ; there were no differences between groups. Thoracic girth was smaller in the LPS þ UCO group (28.2 + 0.6 cm) than in the SAL þ UCO group (30.8 + 0.7 cm; P ¼ .027). Crown-rump length was not different between groups.
Both maternal and fetal circulating white blood cell counts at 126 days of gestation were not different between LPS þ UCO, SAL þ UCO, and sham groups ( Table 1 ). Amniotic fluid IL-8 concentrations were higher in the LPS þ UCO group than the SAL þ UCO group (P < .05) but were not different between LPS þ UCO and sham groups (owing to high variability in the sham group from a high value in one animal: Table 1 ). Amniotic fluid IL-6 concentrations were undetectable in the SAL þ UCO group but there was no statistically significant difference between groups (P ¼ .146). Chorioamnion inflammatory scores were higher in the LPS þ UCO group than in the SAL þ UCO (P ¼ .028) and sham (P ¼ .003) groups (Table 1) .
Fetal Responses to UCO
Umbilical cord occlusions caused transient reductions in fetal PaO 2 and pHa, and increases in lactate and mean arterial pressure ( Figure 2 ). Twenty-four hours after commencing UCOs, fetal PaO 2 , pHa, and lactate concentrations were not different between groups, or from pre-occlusion levels.
Fetal PaO 2 (Figure 2 ) fell consistently with each UCO in the LPS þ UCO and SAL þ UCO groups (P < .05 versus sham) but returned to pre-occlusion levels immediately after the occlusions. Fetal PaO 2 responses to UCO were not different between SAL þ UCO and LPS þ UCO groups and were similar for UCOs performed on 117 and 118 days of gestation.
Fetal pHa ( Figure 2 ) fell during UCOs (P < .05 versus sham) and returned toward pre-occlusion levels immediately after each UCO, but remained lower than in the sham group (P < .05). Fetal pHa was not different between the SAL þ UCO or LPS þ UCO groups immediately prior to any of the UCOs. Fetal pHa responses to UCO were not different between SAL þ UCO and LPS þ UCO groups. At 117 days of gestation fetal pHa was lower during the 4th and 5th UCO than during the 1st, in the LPS þ UCO group (P < .05); this was not observed in the SAL þ UCO group. There was no difference in pHa immediately after UCO between SAL þ UCO and LPS þ UCO groups. At 118 days of gestation, fetal pHa in the LPS þ UCO group was lower during the 2nd, 3rd, 4th, and 5th occlusions than during the 1st. In the SAL þ UCO group, fetal pHa was lower during the 2nd, 3rd, and 4th occlusions (but not the 5th) than during the 1st. Fetal pHa responses to UCOs on day 118 of gestation were not different between SAL þ UCO and LPS þ UCO groups.
Fetal arterial lactate concentrations ( Figure 2 ) increased in response to each UCO, and over the course of the UCO periods on days 117 and 118 of gestation, in SAL þ UCO and LPS þ UCO groups (P < .05 versus sham). There was no difference in lactate responses to UCO between the SAL þ UCO and LPS þ UCO groups, but concentrations tended to be higher in the LPS þ UCO group. At 117 days of gestation, but not at 118 days, fetal arterial lactate concentrations before, during, and/or after UCO were higher for the 3rd, 4th, and 5th occlusions than for the first in SAL þ UCO and LPS þ UCO groups (P < .05). At 117 and 118 days of gestation, fetal arterial lactate in the LPS þ UCO group was higher than in the sham group (P < .05) at times when concentrations were not different between SAL þ UCO and sham groups.
Fetal mean arterial pressure (MAP; Figure 2 ) increased during UCO in SAL þ UCO and LPS þ UCO groups (P < .05 versus sham). Mean arterial pressure returned toward pre-occlusion levels immediately after UCO but remained elevated, relative to the sham group. At 117 and 118 days of gestation, fetal MAP in the LPS þ UCO group was greater than in the sham group (P < .05) at times when there was no difference between the SAL þ UCO and sham groups. Mean arterial pressure in the LPS þ UCO group was higher than in the SAL þ UCO group (P < .05) during and immediately after the 1st UCO, and after the 2nd, on day 117 of gestation.
Fetal arterial cortisol concentrations over the course of the UCO period on day 117 of gestation ( Figure 3 ) were higher at 120, 123, and 240 minutes compared to that immediately before the first occlusion (P < .003) but were not different between LPS þ UCO and SAL þ UCO groups (P ¼ .11). Fetal arterial ACTH concentrations were higher in the LPS þ UCO group (28.8 +5.0 pg/mL) than in the SAL þ UCO group (15.1 +3.1 pg/mL; P ¼ .017), but not the sham group (23.1 +3.7 pg/ mL), immediately prior to the first occlusion on day 117 of gestation. Fetal arterial ACTH concentrations (Figure 3 ) on day 117 were higher than that immediately before the first occlusion at all subsequent times in all groups (P < .05). ACTH concentrations were not different between the LPS þ UCO and SAL þ UCO groups at these times, but concentrations were higher in both groups than in the sham group (P < .05). On day 118 of gestation, fetal cortisol increased during the UCO period in the LPS þ UCO and SAL þ UCO groups (P < .05) but not in the sham group (Figure 3 ). Fetal cortisol levels were higher in the LPS þ UCO group than in the sham group at 120, 123, and 240 minutes (P < .05). Fetal cortisol levels in the SAL þ UCO group were greater than the sham group at 120 and 123 minutes (P < .05) but not at 240 minutes. On 118 days of gestation, fetal arterial ACTH concentrations were not different between groups prior to UCOs (or sham; Figure  3 ). Adrenocorticotrophic hormone concentrations were higher than immediately before the first UCO at all subsequent times in all groups (P < .05). Immediately after the first and last UCO, fetal ACTH concentrations were higher in the LPS þ UCO group than in both the SAL þ UCO (P < .01) and sham (P < .001) groups; values in the SAL þ UCO group were higher than in the sham group (P < .003) at these same times. Fetal ACTH concentrations were not different between groups at 120 and 240 minutes after initiating cord occlusions (or sham) on 118 days of gestation ( Figure 3 ).
Qualitative Assessment of the Fetal Brain
Regions of microglial/macrophage infiltration were present in all groups of fetuses (sham, SAL þ UCO, LPS þ UCO), typically in the subcortical white matter. In 2 of the 8 SAL þ UCO fetuses cystic lesions were present within these regions of infiltration: in 1 fetus, the lesion was present in the temporal lobe, at the level of the optic chiasm; in the other fetus, the lesion was located in the frontal lobe at the level of the coronal sulcus ( Figure 4A ). Such lesions were not observed within the areas of microglial infiltration in the LPS þ UCO ( Figure 4B ) or sham groups. In all fetuses, within areas of microglial infiltration, there appeared to be a decrease in the density of CNPasepositive oligodendrocytes ( Figure 4C , SAL þ UCO; Figure 4D , LPS þ UCO); myelinated axons in these regions frequently appeared fragmented. The cell bodies of astrocytes within regions of infiltration were hypertrophic and exhibited attenuated and thickened processes ( Figure 4E , SAL þ UCO; 4F, LPS þ UCO) although there appeared to be no increase in cell density. Apoptotic cells (AC-3 positive cells) were present in all groups of fetuses (sham, SAL þ UCO, LPS þ UCO) and were typically distributed sparsely throughout the grey and white matter and in the periventricular zone. Apoptotic cells were not located within the areas of micoglial infiltration (indicated by lectin-positive cells: data not shown). There was no perivascular cuffing, subarachnoid or germinal layer hemorrhage, or ventriculomegaly, in the regions of the brain we examined, in any group.
Quantitative Brain Morphometry
The cross-sectional area of white matter (expressed in absolute terms or relative to total section area) and the proportion of this area occupied by blood vessels were not different between groups ( Figure 5 ). The areal density of CNPase-positive cells (ie, oligodendrocytes) in the brains of LPS þ UCO and SAL þ UCO fetuses was lower than in the sham group (P < .05; Figure 5 ). The areal density of GFAP-positive cells (ie, astrocytes) was not different between groups ( Figure 5 ). The percentage of white matter area occupied by lectin-positive cells (ie, activated microglia/macrophages) and the activated microglia infiltration scores in these regions were not different between groups ( Figure 5 ). The surface-folding index was not different between groups (LPS þ UCO, 75.7 + 2.0; SAL þ UCO, 77.1 + 2.8; sham, 73.3 + 3.2: P ¼ .6).
Comment
Our study has demonstrated that persistent intrauterine inflammation resulting from infusion of LPS into the amniotic cavity for a period of 4 weeks, commencing in mid-gestation, does not worsen subsequent physiologic or neurodevelopmental consequences of repeated intermittent UCOs in preterm fetal sheep.
Although our data do not support the hypothesis that preexisting intrauterine inflammation exacerbates fetal brain injury in response to UCO, they do not necessarily contradict the observations in humans 14 that formed the rationale for our work. Systematic analysis of data from humans shows that clinical, but not histological, chorioamnionitis increases the risk of cerebral palsy. 25 Clinical chorioamnionitis represents a severe, acute form of intrauterine inflammation; whereas histological chorioamniotitis is likely the result of longer term subclinical inflammation in many cases. 2 Thus, the relative timing of inflammatory exposure of the fetus may be substantially different between these 2 manifestations of intrauterine inflammation. Distinction between such varied presentations of inflammation during pregnancy is critical for understanding effects on the fetus and potential neonatal outcomes. For example, histological chorioamnionitis does not increase the risk of cerebral palsy but it does increase the risk of bronchopulmonary dysplasia. 26 Furthermore, the severity of the adverse neurological and pulmonary effects of intrauterine inflammation is related to the severity of the inflammation and the fetal involvement in the inflammatory process. 27, 28 The changes in fetal blood gas, arterial pressure, and circulating hormones we observed in response to UCO were similar to those of previous studies using brief UCOs in fetal sheep. 19, 29 Blood gas measurements during UCOs demonstrate that the fetal insult was similar in LPS þ UCO and SAL þ UCO groups. We had considered the possibility that UCO might result in different responses between LPS þ UCO and SAL þ UCO groups but this does not appear to have occurred. Although the magnitude of the effect of UCO appeared similar between groups, we observed some small but potentially significant differences in responses between groups. LPS þ UCO fetuses tended to have greater increases in mean arterial pressure and circulating lactate in response to UCOs than SAL þ UCO fetuses. None of our experimental groups showed any sign of deterioration in fetal condition in the days between the UCOs and delivery for tissue collection, indicating that longer term fetal well-being after hypoxemic/ischemic episodes, like the acute responses, is not adversely affected by pre-existing intrauterine inflammation. The low fetal PaCO 2 levels observed on days 117 and 118 of gestation (from samples collected before commencement of UCOs or sham) probably reflect maternal hyperventilation as a result of the mild stress associated with investigators' presence during preparations for physiological recordings. At 126 days of gestation, 1 week after UCOs (or sham), the degree of white matter infiltration by activated microglia/ macrophages was similar in LPS þ UCO, SAL þ UCO, and sham groups. We showed previously that intra-amniotic infusion of LPS, as used in our current study, was accompanied by increased microglia/macrophage infiltration into the fetal white matter at 110 days of gestation, relative to SALinfused controls; these regions showed damage to the tissue architecture. 4 In comparison to that study, indices of microglial infiltration in our present experiment were considerably lower. This difference in the magnitude of the microglial response likely relates to the different time intervals between cessation of LPS infusion and tissue collection in the 2 studies (ie, 2 versus 18 days). The half-life of LPS in the amniotic cavity after intra-amniotic injection in sheep is *1.7 days. 30 Amniotic fluid LPS levels at 100 days of gestation during infusion, as in our present study, reach *2 Â 10 4 endotoxin units/mL. 31 Thus, if the 100 d level represents steady state, we estimate: at the time of surgery there would be *9 Â 10 3 EU/mL; on the first day of UCOs there would be *750 EU/mL. Such a low level probably provides little, if any, proinflammatory stimulus to a fetus that has presumably become somewhat tolerant 32 by this time. Thus, it appears that when mild fetal brain inflammation occurs in response to intra-amniotic LPS administration, it can resolve spontaneously with time, as we have observed in the fetal lungs. 6 Both UCO groups in our present study showed a reduction in CNP-ase immunostaining in the brain white matter, relative to the sham group, indicating a similar effect of UCO in reducing the number of CNP-ase positive oligodendrocytes and, hence, delaying or arresting myelination. This paper shows that the effects of intermittent UCO on the fetal brain are not exacerbated by preexisting chronic intrauterine inflammation. We are cautious in our interpretation of the different frequencies of white matter lesions observed in the SAL þ UCO (2/8 fetuses) and LPS þ UCO (0/6 fetuses) groups. Not only is the number of participants in our experiment too low to provide sufficient power to detect statistical differences, but the distribution of sexes between the treatment groups is also different. The 2 fetuses in the SAL þ UCO group with cerebral white matter lesions were both male, but only 3 of the 6 LPS þ UCO fetuses we studied were male. It is known that males have higher rates of cerebral palsy and other neurodevelopmental disorders. 33 Using a mouse model of preterm hypoxic brain injury, experiments specifically designed to examine sex differences showed greater loss of hippocampal volume and reductions in myelination in males than in females. 34 Thus, the apparent difference in the incidence of white matter lesions in the brains of SAL þ UCO and LPS þ UCO fetuses in our study may be due to the higher number of males in the SAL þ UCO group.
Evidence suggests that proinflammatory stimuli can protect against, or exacerbate, hypoxemic/ischemic brain injury depending on the relative timing of the insults. In rodents, brain injury was reduced in 7-day-old pups if the hypoxemic/ ischemic insult occurred 24 hours after LPS administration; if hypoxia/ischemia occurred either 6 or 72 hours after LPS administration, the brain injury was exacerbated. 15 The temporal effect of LPS exposure on vulnerability to hypoxemic/ischemic brain injury appears to be related to corresponding inflammation-induced changes in gene expression patterns in the brain. 35 This ability of inflammation to protect against subsequent hypoxic damage is well established for many tissues; not just the brain. 36 Such protective ''preconditioning'' is not restricted to the effects of proinflammatory stimuli on hypoxic insults (eg, hyper-and hypothermic stimuli also have preconditioning effects), but inflammatory signaling mechanisms may be common to all preconditioning stimuli. 36 Neuroprotection conferred by LPS exposure 24 hours prior to hypoxia/ischemia in 7-day-old rats coincides with elevated circulating levels of corticosterone (the principal endogenous glucocorticoid in this species); this has been suggested as a potential factor underlying the protective effect of inflammation. 37 Our data show that fetal sheep exposed to chronic inflammation do not have altered circulating cortisol levels at rest, despite slightly higher ACTH levels prior to commencing UCOs. Activation of the HPA axis, which has an integral role in the fetal response to UCO, 20 was altered by exposure to chronic inflammation. We observed a slightly increased cortisol response to UCO in fetuses exposed to inflammation because concentrations in the LPS þ UCO group tended to be higher than in the SAL group after UCOs on day 117 of gestation and were elevated for longer than the SAL þ UCO group on day 118. Further, the ACTH response to UCO at 118 days of gestation was elevated in fetuses exposed to chronic inflammation. Previous studies in rats have demonstrated the capacity for prenatal and early postnatal proinflammatory challenges to result in subsequent increases in postnatal hypothalamic-pituitary-adrenal (HPA) axis responsiveness [38] [39] [40] [41] ; this is consistent with our present observations. To our knowledge, the timing of onset of the inflammation-induced hyperresponsiveness of the HPA axis is not known, but our data suggest the effect might be present in utero. Further examination of the effect of intrauterine inflammation on fetal HPA axis development and function is warranted, given the suggestion from our present data, the role of the fetal HPA axis in parturition, 42 and the association between preterm birth and intrauterine inflammation in humans. 43 The UCO regimen we used was chosen because we considered it likely to induce mild-to-moderate brain injury in SAL þ UCO fetuses given our prior experience 19 and the work of others using late gestation fetal sheep, 44 allowing us to detect our hypothesized exacerbation of damage in LPS þ UCO fetuses. Given our results, investigation of the effects of intrauterine inflammation on the neurodevelopmental consequences of a more severe hypoxic/ischemic insult seems warranted to further explore the potential protective effect suggested by the previous studies in neonatal rats. 15, 35 Our study aimed to mimic the common clinical scenario of intermittent UCO in labor manifest clinically in delivery wards as variable decelerations on electronic fetal heart rate monitoring. Much obstetric effort is directed at the management of such fetal heart rate abnormalities for the purpose of preventing fetal death and fetal brain injury. Epidemiological studies, however, have provided evidence that short-term insults such as intermittent UCO are unlikely to be associated with subsequent cerebral palsy, although those studies have also shown increased risks of brain injury in the presence of infection. 14, 45 The pregnancies in the present study had features of histologic chorioamnionitis (ie, elevated white cell counts in fetal membranes and higher amniotic fluid IL-8 levels), but amniotic fluid IL-6 levels were not elevated, indicating inflammation at the level of the membranes but not of a severity that, in humans, would be described as FIRS. 28 The absence of overt fetal brain injury in the present study therefore provides evidence that intermittent UCO in the presence of histologic chorioamnionitis, but without systemic fetal inflammation meeting the criteria of FIRS, is unlikely to produce brain injury that in humans may be manifested later as cerebral palsy. Further studies are required to investigate if similar intermittent UCO in the presence of overt FIRS would be more injurious to the fetal brain.
